ABSTRACT Wireless backhaul has emerged as a suitable and flexible alternative to wired backhaul; however, it is not as reliable as its wired counterpart. This paper presents, for the first time, a comprehensive model including a heterogeneous underlay cognitive network with small cells also acting as multiple secondary users, multiple primary users, and unreliable wireless backhaul. In this system, a macro-base station connects to multiple secondary transmitters via wireless backhaul links. In addition, multiple secondary transmitters send information to a secondary receiver by sharing the same spectrum with multiple primary users. A Bernoulli process is adopted to model the backhaul reliability. A selection combining protocol is used at the secondary receiver side to maximize the received signal-to-noise ratio. We investigate the impact of the number of secondary transmitters, the number of primary users, as well as the backhaul reliability on the system performance in Rayleigh fading channels. Two key constraints are considered on the system performance: 1) maximum transmit power at the secondary transmitters and 2) peak interference power at the primary users caused by secondary transmitters. Closed-form expressions for outage probability, ergodic capacity, and symbol error rate and the asymptotic expressions for outage probability and symbol error rate are derived. Moreover, closed-form expressions are also applicable to non-cooperative scenarios.
I. INTRODUCTION
In order to satisfy the increasing data traffic demand, future networks are expected to be more dense and heterogeneous [1] . The increasing demand for wireless frequencies has caused the spectrum to be exhausted. In heterogeneous networks (HetNets), frequency sharing is essential to increase the spectral efficiency and system capacity, thus achieving better system performance. The cognitive radio network (CRN) concept was firstly proposed by Mitola and Maguire in 1999 [2] to increase the frequency utilization, and it is considered to be a promising solution to solve the spectrum scarcity. To cope with increasingly demand at the access, the millimeter wave band can be exploited [3] . Another approach to cope with traffic demand is exploiting HetNets, where low power small cells (i.e., microcells, picocells and femtocells) are deployed within the high power macrocell coverage area to achieve substantial gain in coverage and capacity [4] , [5] . A two-tier cognitive network with macrocells and small cells was investigated in [4] and [6] which proves that the HetNet cognitive network concept can be deployed.
The conventional wired backhaul provides solid connections between macrocells and small cells, but the cost for the deployment and maintenance is high, especially when a large number of small cells is needed to cover dense scenarios. Wireless backhaul has emerged as a suitable and flexible solution to overcome cost. However, a wireless backhaul is not as reliable as wired backhaul because of non-line of sight (nLOS) and channel fading [7] . So, the impact of wireless backhaul on system performance is a concern.
probability of a multi-source multi-relay CRN with multiple primary transmitters and multiple primary receivers was investigated. In [22] , the cooperative jamming between multiple PUs and a single SU in CRN was studied. In our research, a more complete system with multiple PUs is considered. It is worth pointing out that all of the above mentioned research related to CRN [19] , [21] - [23] ignored the impact of unreliable backhaul.
Only recent research in [9] , [10] , and [12] examined the impact of backhaul reliability on CRNs. In [9] , a single transmitter acting as a small cell was considered in the system, however, a single small cell is insufficient to exploit the cooperation benefits in real scenarios. It will be more practical to deploy several small cells connected to a macrocell to cooperate and achieve better system performance. In [10] , a macrocell was transmitting to a secondary user via multiple secondary transmitters (small cells). The transmit power of secondary transmitters was limited by a single PU. As an extension to research in [10] , a relay was considered to extend the coverage from transmitters to destination in [12] . However, both [10] and [12] considered a simplified scenario where there was only one PU in the system. As discussed before, a single PU is neither realistic nor sufficient in real scenarios. Moreover, we show that considering multiple PUs has important implications in performance. Therefore, in our research, we extend the single small cell model in [9] to multiple small cells and also extend the single PU in [10] and [12] to multiple PUs. This setting can account for more realistic scenarios and system performance has the potential to be improved. Until now the influence of multiple PUs and small cells on the secondary system performance with unreliable backhaul in such a cognitive HetNet context remained unknown. In addition, to the best of our knowledge, there is no previous research that study backhaul reliability in a CRN with multiple PUs. In our research, we show important consequences as multiple PUs decrease the performance of the secondary network.
Motivated by this, we propose an underlay cognitive heterogeneous network with multiple small cells acting as secondary transmitters and multiple PUs in the system that limit the transmit power of secondary transmitters. Our main contributions are summarized as follows:
• For the first time we propose an underlay cognitive heterogeneous network with multiple secondary transmitters and multiple PUs to investigate the impact of backhaul reliability, the number of secondary transmitters and the number of PUs on the system performance.
• The unreliable backhaul links can perform either success or failure transmission, so the reliability backhaul is modeled as Bernoulli process I k with success probability s k where P(I k * = 1) = s k and P(I k * = 0) = 1 − s k .
• Selection combining (SC) is used to choose the best secondary transmitter that has the maximum SNR at the secondary receiver. SC [24] is a switch technique that allows the receiver to only pick up the best signal and VOLUME 7, 2019 use this one only as the other signals do not contribute to the system.
• A new closed-form expression for the CDF of the end-to-end SNR is derived. Compared with previous work [9] , [10] , [12] , we consider a more practical and realistic scenario with multiple PUs and multiple secondary transmitters, and the system has the potential to be improved.
• The closed-form expressions for outage probability, ergodic capacity and symbol error rate of the are derived. The impacts of backhaul reliability, the number of secondary transmitters and the number of PUs on the system performance are investigated.
• In order to provide a complete study and explore the benefits of secondary transmitters' cooperation, we also derive closed-forms for special non-cooperative scenarios. The results show that the system performance with multiple cooperative secondary transmitters is improved compared with non-cooperative transmitter network as studied in [9] .
• Asymptotic analysis for outage probability and symbol error rate is also studied to gain insight into the system. Moreover, numerical results are validated using Monte Carlo simulation. We can observe from the figures that both the simulation curves and analytical curves match very well. The remainder of the paper is organized as follows. System and channel models are described in Section II. Derivation of the SNR distributions in the proposed system is obtained in Section III. The closed-form expressions for outage probability, ergodic capacity and symbol error rate as well as the asymptotic are carried out in Section IV, while numerical results are presented in Section V. Finally, the paper is concluded in Section VI.
Notation: P[·]
is the probability of occurrence of an event. For a random variable X , F X (·) denotes its cumulative distribution function (CDF) and f X (·) denotes the corresponding probability density function (PDF). max (·) and min (·) denote the maximum and minimum of their arguments, respectively.
II. SYSTEM AND CHANNEL MODELS
We consider an underlay cognitive heterogeneous network consisting of a macro-base station (BS) connected to cloud, K small cells as the secondary transmitters {SC 1 . . . SC k , . . . SC K }, a secondary receiver SU − D and N primary users {PU 1 . . . PU n , . . . PU N }, as shown in Fig.1 . We use the orthogonal frequency division multiple access (OFDMA) as the transmission scheme [13] . The BS is connected to K SCs by unreliable wireless backhaul links. The backhaul reliability for SCs is provided by s k , and it represents the probability that the SCs can successfully decode the kth SC's signal from BS via unreliable backhaul. The SCs send information to the SU − D while using the same spectrum of PUs. Note that, only the best SC with the highest SNR can be selected at the secondary destination. All nodes are supposed to be equipped with a single antenna. Assuming all the channels are Rayleigh fading and are independent and identically distributed (i.i.d), so the channel power gains are exponential distributed [13] with parameter λ X for X = {λ kp , λ ks }. The channel power gain of the link from SCs to PU follows exponential distribution with parameter λ kp , and the channel power gain of the link from SCs to SU − D follows exponential distributed with parameter λ ks . In the system model, the secondary transmitters SCs send the same data to a secondary receiver SU −D using OFDM. We do not assume synchronization among the secondary transmitters SCs [13] . We assume that perfect channel state information (CSI) is available. The secondary receiver SU − D knows perfect CSI of the links from SCs to SU − D and the links from SCs to PU , which is a common assumption in CRNs [19] , [23] . The CDF and PDF of the exponential distribution are given as
In underlay CRNs, the secondary network consists K SCs and a SU −D, they can operate in the same spectrum licensed to PUs as long as they do not cause any harmful interference to PUs. The maximum tolerable interference power at the PUs are I p . Assuming the transmit powers at the SCs are limited to P T [19] . In this way, the transmit power at the SCs can be written as
where h kp i , i = {1, . . . n, . . . N } donates the channel coefficients of the interference link from SC to PUs. Without considering the backhaul reliability, the instantaneous received SNR of the link SC to SU − D is given as
where h ks donates the channel coefficients of the interference link from SC to SU − D. The average SNR of the primary network is given as
, and the average SNR of the secondary network is given as
, where σ 2 n is the noise variance.
Assuming that x is the desired transmitted signal from BS to SU − D. Taken into account the backhaul reliability, the signal received at the destination SU − D is given as
where P k is given in (3), n ks is the complex additive white Gaussian noise (AWGN) with zero mean and variance σ , i.e., z ∼ CN (0, σ ).
In the first hop, the signal is transmitted from BS to the SCs via unreliable backhaul links. The unreliable backhaul links can perform either success or failure transmission. So the reliability backhaul is modeled as Bernoulli process I k with success probability s k where P(I k * = 1) = s k and P(I k * = 0) = 1 − s k [13] . This indicates that the probability of the message successfully delivered over its dedicated backhaul is s k , however, the failure probability is 1 − s k .
In the second hop, SC protocol is used at the destination SU − D in order to select the best SC that has the maximum SNR to transmit the signal. The SC k * is selected as
In this way, considering the backhaul reliability, the end to end SNR at the receiver SU − D (4) can be rewritten as
where h k * s is the channel coefficient from the selected SCs to SU − D, and h k * p i is the channel coefficient from the selected SCs to PUs.
III. SNR DISTRIBUTIONS IN COGNITIVE HETEROGENEOUS SYSTEMS
In this section, the distributions of the SNRs are derived, and the system performances are studied based on the derivation in the next section.
From the end-to-end SNR in (7), assume Y = max i=1,...,N |h kp i | 2 , the CDF and PDF of Y can be given as
Without considering the impact of backhaul reliability, the CDF of the end-to-end SNR given in (4) can be written as,
Proof: The proof is given in Appendix A. The above equation is the CDF of SNR without considering the unreliable backhual, we now take into account the backhaul reliability and derive the CDF of the end-to-end SNR given in (7) as follows.
As individual links are i.i.d Rayleigh distributed, corresponding SNRs are exponentially distributed. Assuming success probability s for each link i.e., s k = s, ∀k. The PDF of γ ks I k is modeled by the mixed distribution,
where δ(x) is the Dirac delta function. According to (11) , the CDF of the γ ks I k is given as
With the help of [25, eq. (3.353.2) ], the CDF is expressed as
According to (6) , k * is selected when γ ks I k achieves the maximum value, since for all random variables γ ks I k are independent and identically distributed. The CDF of SNR γ s can be written as
IV. PERFORMANCE ANALYSIS OF THE PROPOSED SYSTEM
This section studies the performances of outage probability, ergodic capacity and symbol error rate utilizing the SNR distributions obtained in the previous section. Expressions are derived and asymptotic analysis is also provided to evaluate the system performance. In order to investigate a complete study, we extend the equations to special non-cooperative scenarios.
A. OUTAGE PROBABILITY ANALYSIS
The outage probability is defined as the probability that the SNR falls below a certain threshold γ th ,
The outage probability closed-form expressions of the proposed system (B.1) as shown in the Appendix B.
1) NON-COOPERATIVE SCENARIO
When the number of SC K = 1, the outage probability of the proposed system is given as (B.2) in Appendix B.
2) ASYMPTOTIC ANALYSIS
In the high SNR regime, when γ P → ∞ in the proposed cognitive heterogeneous network, the asymptotic is given by
Proof: The proof is given in Appendix B.
B. ERGODIC CAPACITY ANALYSIS
The ergodic capacity is defined as the average rate averaged over all the SNR distributions. Ergodic secrecy rate (bits/s/Hz) is expressed as
The ergodic capacity of the proposed system is given by (C.1) as shown in the Appendix C where a 0 =
Proof: The proof is given in Appendix C.
1) NON-COOPERATIVE SCENARIO
when the number of SC K = 1, the ergodic capacity is given by (C.8) as shown in the Appendix C where Proof: The proof is given in Appendix C.
C. SYMBOL ERROR RATE ANALYSIS
The symbol error rate (SER) is derived in this subsection. The symbol error rate is given as [10]
where (A,B) is determined by the modulation scheme. In this paper, Binary Phase-shift Keying (BPSK) modulation scheme will be discussed later in the next simulation section, and the parameters (A,B) = (2,1). Applying (14) into (18) 
1) NON-COOPEARTIVE SCENARIO
In non-cooperative case, the number of SC K = 1, the symbol error rate is given by (D.2) with the help of [27, eq. (2.3.6.9)] where c 0 =
2) ASYMPTOTIC ANALYSIS
In the high SNR regime, when γ P → ∞ in the proposed cognitive heterogeneous network, the asymptotic analysis of symbol error rate is given by
The proof is similar to (16) .
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, numerical results of the outage probability, ergodic capacity and symbol error rate are studied to evaluate the impact of backhaul reliability, the number of PUs and the number of SCs on the system performance. The 'Sim' curves are the simulation results, 'Ana' curves are analytical results and 'Asy' curves are the asymptotic results. In the figures, we can observe that both the simulation curves and analytical curves match very well. In this section, the threshold of outage probability is fixed at γ th = 3 dB. It is assumed , where, pl is the path loss exponent and pl = 4 is assumed. We also assume that the average SNR γ P = γ I . A. OUTAGE PROBABILITY ANALYSIS Fig. 2, 3, 4 and 5 show the impact of backhaul reliability, the number of PUs and SCs on the system performance.
In Fig. 2 , s is fixed at 0.99 and the number of PUs N is 3. Assuming the number of SCs is K = 1, K = 2, K = 3 to evaluate the impact of the number of SCs on system performance. In the figures, when the number of SCs increase, the outage probability decreases and the system can achieve a better performance due to the correlation of multiple signals at the receiver. Also, all the curves converge to the asymptotic limitation.
In Fig. 3 , the outage probability behavior at different backhaul reliability is investigated. N = 3 and K = 3 is assumed in this scenario. we assume that s = 0.99, s = 0.90 and s = 0.80 to evaluate the impact of backhaul reliability on the system performance. When s increases, the system performs better as the outage probability decreases. This is because when the probability of the information successfully delivered over the backhaul links gets higher, the system can achieve a better performance. In Fig. 5 , the outage probability with different backhaul reliability has been plotted. We assume that N = 2 and K = 3. It is obvious that the backhaul reliability has a significant impact on the outage probability. More specifically, when γ P = 35dB, the outage probability drops from approximate 0.72 (s = 0.1) to 10 −3 (s = 0.9). The system performance improves nearly 10 3 times when backhaul reliability increases from 0.1 to 0.9. Moreover, the system has a better performance when γ P increases due to the high transmit power.
In Fig. 4 , the outage probability with different number of PUs N is investigated. we assume that s = 0.99 and K = 3. We can observe that in low-SNR regime, when N increases, the system performance gets worse. This is because when the number of PUs increases, the SCs must satisfy the power constraints of all the PUs. The power constraints would get tighter when the number of PUs increases. The transmit power of SCs would reduce due to the increasing power constraints. However, in high SNR regime, increasing the number of PUs does not have any effect on the system performance, as is shown in (16). Fig. 2, Fig. 3, Fig. 4, Fig. 5 and also asymptotic analysis, in low SNR regime, the number of SCs, PUs and backhaul reliability can affect system performance in terms of outage probability. However, in high SNR regime, only the backhaul reliability and the number of SCs can affect the outage probability. Fig. 6, 7, 8 and 9 show the impact of backhaul reliability, the number of PUs and SCs on the system performance in terms of ergodic capacity.
According to

B. ERGODIC CAPACITY ANALYSIS
In Fig. 6 , s is fixed at 0.99 and N is 3. Assuming the number of SCs is K = 1, K = 2, K = 3 to study the effect of the number of SCs on system performance. In Fig. 6 , when the number of SCs increase, the ergodic capacity increases and the system can achieve a better performance.
In Fig. 7 , the impact of the backhaul reliability on the ergodic capacity is investigated. In this scenario N = 3 and K = 3 is assumed. We suppose that s = 0.99, s = 0.90 and s = 0.80. In Fig. 9 , when s increases, the system performs better as the ergodic capacity increases. In Fig. 9 , the ergodic capacity with different backhaul reliability is shown. We assume that N = 2 and K = 3. We can observe that the backhaul reliability can affect the ergodic capacity significantly. In Fig. 8 , the ergodic capacity with different number of PUs N is investigated. We fix the backhaul reliability at s = 0.99 and K = 3. Assume N = 1, N = 2 and K = 2. When N decreases, the ergodic capacity increases to achieve a better system performance.
From the figures, we can observe that the number of PUs, SCs and backhaul reliability can affect the system ergodic capacity. Fig. 10, 11, 12 and 13 show the impact of backhaul reliability, the number of PUs and SCs on the symbol error rate. BPSK is used at the signal constellation.
C. SYMBOL ERROR RATE
In Fig. 10 , s is fixed at 0.99 and the number of PUs N is 3. Assuming the number of SCs is K = 1, K = 2, K = 3 to evaluate the impact of the number of SCs on system performance. In the figures, when the number of SCs increases, the symbol error rate decreases and the system can achieve a better performance. Moreover, all the curves converge to the asymptotic limitation in the figure.
In Fig. 11 , the impact of backhaul reliability on the system performance is evaluated. N = 3 and K = 2 is assumed in this scenario. We suppose that s = 0.99, s = 0.90 and s = 0.80 to evaluate the impact of backhaul reliability on the system performance. From the figure, when s increases, the system performance improves as the symbol error rate decreases. Fig. 13 also investigate the impact of backhaul reliability on symbol error rate. N = 2 and K = 3 is assumed. From the figures, backhaul reliability has a huge impact on the system performance.
In Fig. 12 , the symbol error rate with different number of PUs N is investigated. We assume that s = 0.99 and K = 2. From the figure, we can observe that in low-SNR regime, when N increases, the symbol error rate increases and the system performs worse. However, in high SNR regime, increasing the number of PUs has no impact on the symbol error rate.
From Fig. 10, Fig. 11, Fig. 12 , Fig. 13 and also asymptotic analysis, in low SNR regime, the number of SCs, PUs and backhaul reliability have an impact on symbol error rate. However, in high SNR regime, only the backhaul reliability and the number of SCs can affect the symbol error rate.
VI. CONCLUSIONS
In this paper, we propose a cognitive heterogeneous network with multiple secondary transmitters, multiple primary users and unreliable backhaul. Selection combining is used to choose the best secondary transmitter that having the maximum SNR at the destination. Closed-form expressions for outage probability, ergodic capacity and symbol error rate are derived and asymptotic analysis is provided to gain the insight of the system. The results show that wireless backhaul reliability has a significant impact on system performance and this factor should be considered when designing HetNet systems in the future. This paper also investigates how the number of secondary transmitters and the number of primary users can affect the system performance. Our results show that all of them are important factors in cognitive heterogeneous networks. More specifically, in low SNR regime, both the number of primary users and secondary transmitters can affect the outage probability and symbol error rate. In high SNR regime, only the number of secondary transmitters can affect the outage probability and symbol error rate. Moreover, both the number of secondary transmitters and primary users have a significant impact on ergodic capacity in the entire SNR range.
APPENDIX A
The CDF of the end-to-end SNR given in (4) can be written as
For the term J 1 , because |h ks | 2 and |h kp i | 2 are independent and Y = max i=1,...,N |h kp i | 2 , J 1 can be expanded as
For the term J 2 , the concept of probability theory is used, and with the help of (2) (9), J 2 is expressed as
The outage probability closed-form expressions of the proposed system (B.1), shown at the top of this page. See (B.2), shown at the top of this page. The CDF of the outage probability can be expressed as,
In the high SNR regime, when γ P → ∞, − According to (17) , the ergodic capacity can be expressed as
(1−b r ,1):(0,1)
(C.1) 
In order to solve Q 3 , we first transform 
Applying [26, eq. (2.6.2)], the integral Q 3 can be solved as
With the help of [25, eq. (4.337.1)], the expression of ergodic capacity of non-cooperative scenario is given by
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